In this letter, the differential transform method (DTM) was applied to the micro-polar flow in a porous channel with mass injection. Approximate solutions of the governing system of nonlinear ordinary differential equations were calculated in the form of DTM series with easily computable terms. The validity of the series solutions were verified by comparison with numerical results obtained using a fourth order Runge-Kutta method. The computed DTM velocity profiles are shown and the influence of Reynolds number on the velocity component in x-direction is discussed.
Introduction
Most phenomena in our world are essentially nonlinear and were described by nonlinear equations. Some of them were solved using numerical methods and some were solved using the analytic methods of perturbation [1, 2] . The numerical methods such as Runge-Kutta method are based on discretization techniques, and they only permit us to calculate the approximate solutions for some values of time and space variables, which cause us to overlook some important phenomena, in addition to the intensive computer time required to solve the problem. Thus it is often costly and time consuming to get a complete curve of results and so in these methods, stability and convergence should be considered so as to avoid divergence or inappropriate results. Numerical difficulties additionally appear if a nonlinear problem contains singularities or has multiple solutions. In the analytic perturbation methods, we should exert the small parameter in the equation.
Therefore, finding the small parameter and exerting it into the equation are deficiencies of the perturbation methods. Recently, much attention has been devoted to the newly developed methods to construct approximate analytic solutions of nonlinear equations without mentioned deficiencies.
One of the semi-exact methods which do not require small parameters is the DTM. The concept of this method was first introduced by Zhou in 1986 [3] who solved linear and nonlinear problems in electrical circuit problems. Chen and Ho [4] developed this method for partial differential equations and Ayaz [5] applied it to the system of differential equations, this method is very powerful [6] . This method constructs a semianalytical solution in the form of a polynomial. It is different from the traditional higher order Taylor series method. The Taylor series method is computationally expensive for large orders. The differential transform method is an alternative procedure for obtaining analytic Taylor series solution of the differential equations. In recent years, the DTM has been successfully employed to solve many types of nonlinear problems [7] [8] [9] [10] .
In this study, the DTM was applied to find an approximate solution for the micropolar flow in a porous channel with mass injection. This problem was studied first by Kelson et al. [11] and Desseaux and Kelson [12] using a perturbation approach. More recently, Ziabakhsh and Domairry [13] also studied this flow using the homotopy analysis method (HAM). In this work, the flow analysis and mathematical formulation are presented in Section 2, and the DTM is applied in Section 3 to construct the approximate solutions for the governing equations. Section 4 contains the results and discussion, and conclusions are given in Section 5.
Flow analysis and mathematical formulation
We consider steady, incompressible, laminar flow of a micropolar fluid along a twodimensional channel with porous walls through which fluid is uniformly injected or removed with speed q. Using Cartesian coordinates, the channel walls are parallel to the x-axis and located at y = ±h, where 2h is the channel width. The relevant equations governing the flow are [11] ∂u ∂x
Compared with Newtonian fluids, the governing equations include the micro rotation or angular velocity N whose direction of rotation is in the xy-plane, and the material parameters j, κ and ν s [11] . For consistency with other micropolar studies, all material parameters are taken as independent and constant. When these constants are zero, the governing equations reduce to those given by Berman [14] . The appropriate physical boundary conditions are
for symmetric flow about
where q > 0 corresponds to suction, q < 0 to injection, and s is a boundary parameter that is used to model the extent to which microelements are free to rotate in the vicinity of the channel walls. For example, the value s = 0 corresponds to the case where microelements close to a wall are unable to rotate, whereas the value s = 1/2 corresponds to the case where the microrotation is equal to the fluid vorticity at the boundary (see Lukaszewicz [15] ).
To simplify the governing equations, Kelson et al. [11] introduced the following similarity transforms
where
The Navier-Stokes equations (1)-(4) are reduced by using (7) and (8) (
where primes denote differentiation with respect to η. N 1 , N 2 , N 3 and Re are dimensionless parameters and introduced as follow
Where Re > 0 corresponds to suction, and Re < 0 to injection. The boundary conditions are
For the symmetric flow
In this work, following Kelson et al. [11] we set s = 0, N 1 = N 2 = 1, N 3 = 0.1,
the boundary conditions are
and investigate solution behavior of the symmetric flow with mass injection (q < 0) as Re is varied.
The differential transform method
Differential transformation of the function f (η) is defined as follows
in equation (17) f (η) is the original function and F (k) is transformed function which is called the T -function (it is also called the spectrum of the f (η) at η = η 0 , in the K domain). The differential inverse transformation of F (k) is defined as
combining equation (17) and (18), we obtain
Equation (19) shows the concept of the differential transformation that is derived from Taylor's series expansion, but the method does not evaluate the derivatives symbolically. However, relative derivative are calculated by iterative procedure that are described by the transformed equations of the original functions. From the definitions of equations (17) and (18), it is easily proven that the transformed functions comply with the basic mathematical operations shown in below. In real applications, the function f (η) in equation (18) is expressed by a finite series and can be written as
Theorems to be used in the transformation procedure, which can be evaluated from equations (17) and (18), are given below
. Taking differential transform of equations (14) and (15), can be obtained
where F (k) and G(k) are the differential transforms of f (t) and g(t). The transform of the boundary conditions are
where α, β and γ are constants. For these constants, the problem was solved with (23) and then the boundary conditions (16) were applied f (1) = 1, f ′ (1) = 0, g(1) = 0.
(24)
For Re = −10 and N = 20, we have
and the solutions of above equations (using the DTM) are as follows
4 Results and discussion Table 1 shows results obtained from the DTM for the functions f (η) and g(η) at Re = −10 and N = 20, compared with a numerical solution using a fourth-order Runge-Kutta method. Excellent agreement can be seen. From this table and Fig. 1 , it can also be seen that the maximum error for the DTM occurs near the middle of the interval (η = 0.5). The rate of convergence for f (η) and g(η) for middle point of interval at some values of Re is shown in Table 2 . The tabulated data indicates that to achieve comparible accuracy, larger N values are needed for higher mass injection rates. Fig. 2 shows the profiles of f (η), f ′ (η) and g(η) obtained using the DTM, along with the numerical solution using the fourth-order Runge-Kutta method. As noted earlier, we can see a very good agreement between the DTM and Runge-Kutta numerical results.
The effect of Reynolds number on the dimensionless velocity component in Figs. 3 and 4 . These figures elucidate that increasing the magnitude of Reynolds number (i.e., increasing mass injection) increases the maximum value of this component. 
Conclusions
In this paper, the DTM was applied successfully to find the semi-analytical solution of the micro-polar flow in a porous channel with mass injection. Excellent agreement was noted between the DTM solutions and those obtained using a fourth order Runge-Kutta method. The results also show that the differential transform method does not require small parameters in the mathematical formulation, so one limitation of the traditional perturbation methods can be eliminated.
